Copper-rich members of the beudantite-segnitite series (belonging to the alunite supergroup) were found at the Krupka deposit, Krušné hory Mountains, Czech Republic. They form yellow-green irregular to botryoidal aggregates up to 5 mm in size. Well-formed trigonal crystals up to 15 μm in length are rare. Chemical analyses revealed elevated Cu contents up to 0.90 apfu. Comparably high Cu contents were known until now only in the plumbojarosite-beaverite series. The Cu 2+ ion enters the B 3+ position in the structure of the alunite supergroup minerals via the heterovalent substitution Fe
Introduction
Various aspects of mineralogy and chemistry of Pb and As-S dominated members of the alunite supergroup have attracted attention in the last two decades. Examples include importance in ore dressing (Dutrizac and Jambor 2000; Jiang and Lawson 2006) , in environmental studies (e.g. Dutrizac and Dinardo 1983; Alpers et al. 1989; Dutrizac et al. 1996; Sasaki and Konno 2000; Morin et al. 2001; Kolitsch and Pring 2001) , and the recognition of jarosite presence on the surface of Mars (Klingelhöfer 2004) . This situation warranted a detailed and complex study of locally abundant assemblage including Cu-rich members of the beudantite-segnitite series (alunite supergroup) in the Krupka ore district. This paper is a part of the systematic research of a large group of supergene minerals (Sejkora et al. 2007a (Sejkora et al. , 2009 Plášil et al. 2009a-c) .
Characteristics of the occurrence
The historical Krupka ore district is located northwest of the town of Teplice in the Krušné hory Mts. (northern Bohemia, Czech Republic). The district extends from the most elevated part in the Komáří Vížka area to the outskirts of Bohosudov and into the vicinity of the Unčín village. Mineralogical information and geological and montanistic characteristics of the district were presented by Sejkora and Breiter (1999) . Several recent studies gave information on abundant occurrences of supergene mineralization of Cu, Zn and Pb (Škovíra et al. 2004; Sejkora et al. 2007b; Sejkora and Škovíra 2007; Sejkora et al. 2008) , which were previously unknown.
The first isolated finds of Cu-rich members of the beudantite-segnitite series originate from dumps dispersed in the forest above the Stříbrná (Gotteskinder) adit, c. 50 to 70 m from the northern margin of Krupka. Later on, occurrences of these minerals were found in an old adit about 10 m below land surface, in a steep tectonised zone up to 30 cm wide, showing a strong supergene alteration. In addition to supergene minerals of Pb, Cu and Fe, this zone and the adjacent rocks contain quartz and clay minerals with relics of primary ore minerals including galena, arsenopyrite, cassiterite and wolframite.
Analytical techniques
The surface morphology of samples was studied with a Nikon SMZ1500 optical microscope in combination with a Nikon DXM1200F digital camera, used for photography in incandescent light. Details of surface morphology of gold-coated samples were studied with a JEOL JSM-6380 electron scanning microscope (SEM).
If not stated otherwise, all minerals described in this paper were identified by X-ray powder diffraction analysis. The samples studied were placed on the surface of a flat silicon wafer from suspension in ethanol.
Stepscanned powder diffraction data were collected using a HZG4-AREM/Seifert diffractometer with a copper tube, operated at 50 kV and 40 mA. The results were processed using the X-ray analysis software ZDS for DOS (Ondruš 1993) , Bede ZDS Search/Match ver. 4.5 (Ondruš and Skála 1997), and unit-cell parameters were refined with the program of Burnham (1962) .
Quantitative chemical data were collected with a Cameca SX100 electron microprobe (Laboratory of Electron Microscopy and Microanalysis of the Masaryk University and Czech Geological Survey, Brno) operating in the wavelength-dispersion mode with an accelerating voltage of 15 kV, a specimen current of 8-10 nA, and a beam diameter of 5-10 μm. The following lines and standards were used: K α : andradite (Ca, Fe), albite (Na), barite (S), sanidine (Al, Si, K), fluorapatite (P), ZnO (Zn), olivine (Mg), rhodonite (Mn), vanadinite (V), topaz (F), halite (Cl); L α : InAs (As), dioptase (Cu), Sb (Sb); M α : vanadinite (Pb) and M β : Bi (Bi). Peak counting times (CT) were 20 s for main elements and 60 s for minor elements; CT for each background was ½ of peak time. Raw intensities were converted to the concentrations using automatic PAP (Pouchou and Pichoir 1985) matrix correction software package. Elevated analytical totals of minerals containing a large amount of hydroxyl groups or crystal water are generally caused by water evaporation under highvacuum conditions or water evaporation due to heating of the analyzed spot by the electron beam. Lower analytical totals for some samples are primarily caused by their porous nature or by poorly polished surfaces of soft or cryptocrystalline minerals.
Thermogravimetric analysis was carried out with a Stanton Redcroft TG 750 Thermobalance. The sample of compositionally relatively homogeneous Cu-rich beudantite (weight 0.986 mg) was heated from room temperature to 950 ºC at a heating rate 10 °C min -1 in flowing air (10 ml min -1 ). Infrared spectra were recorded by the micro-DRIFTS method on a Nicolet Magna 760 FTIR spectrometer (range 4000-600 cm -1 , resolution 4 cm -1 , 128 scans, 2 level zero-filtering, Happ-Genzel apodization), equipped with a Spectra Tech InspectIR micro FTIR accessory. The samples, each weighing less than 0.050 mg, were mixed without using pressure with KBr. Samples were immediately recorded with the same KBr as a reference.
Beudantite-segnitite solid solution series

Description of samples
Cu-rich members of the beudantite-segnitite series form yellow green irregular aggregates (Fig. 1) , 3-5 mm in diameter, partly filling voids in weathered and leached primary ore minerals. These minerals also occur as thin coatings (0.1-0.2 mm) on fracture surfaces in gangue and in silicified wall rock. The surface of beudantitesegnitite series aggregates is irregular and nearly smooth; in places are recognizable minor botryoidal aggregates including local hemispherical shapes up to 20 μm in diameter (Fig. 2) . Well-formed pseudocubic crystals, 5-15 μm across (Fig. 3) , are confined to rare minute cavities. Both macroscopic and microscopic observations indicate that the beudantite-segnitite series minerals overgrew and replaced older crystals and aggregates of mimetite (Fig. 4) . They are accompanied by younger pharmacosiderite, scorodite, cesàrolite and carminite.
Chemical composition
Members of the beudantite-segnitite solid solution series represent a small part of the large supergroup of natural Walenta et al. (1982) , Dutrizac (1983, 1985) , Scott (1987 ), de Bruiyn et al. (1990 , Birch et al. (1992) , Breidenstein et al. (1992) , Pring et al. (1995) , Rattray et al. (1996) , Jansa et al. (1998) , Sejkora et al. (2001a Sejkora et al. ( , 2001b and Sato et al. (2008) .
apfu Fe+Al indicated by the positive correlation of Cu + Zn with Fe + Al (Fig. 7) , Cu 2+ is positioned in the octahedral B-site, similar to the situation with Pb-dominated sulphates of the alunite supergroup -beaverite-(Cu) and beaverite-(Zn) (Taguchi 1961; Morris 1962; Taguchi et al. 1972; Dutrizac 1983, 1985; Scott 1987; Sato et al. 2008 ). In the naturally occurring Pb members of the alunite supergroup, dominated by As or P, comparably high contents of Cu 2+ in the B-site, near to 1/3 of the position, are not indicated (Fig. 8) . Comparably high contents were reported only in members dominated by Pb and S (Fig. 9) . It is not possible to exclude that Cu 2+ can occupy the newly determined trigonal-bipyramidal site, similarly to the case of kolitschite and kintoreite (Mills et al. 2008; Grey et al. 2008 Grey et al. , 2009 ).
The tetrahedral T-sites contain 0.72-1.77 As and 0.28-1.38 S apfu and minor P (0.01-0.44 apfu). As indicated by charge-balance requirements (Pb 2+ in A-sites), a part of As (near 0.72 apfu) must be protonated forming the (AsO 3 OH) 2-group. As follows from Fig. 10 , the majority of the studied samples plot in the beudantite field and only several spot analyses represent segnitite. The elevated Cu Pring et al. (1995) , Rattray et al. (1996) , Jansa et al. (1998) and Sejkora et al. (2001a Sejkora et al. ( , 2001b .
apfu Fe+Al spectroscopic study. The empirical formula of this Curich beudantite from Krupka is, on the basis of As + P + S + Si = 2.00, Pb 
Thermogravimetric data
The crystal chemistry of alunite supergroup compounds was discussed by Kolitsch and Pring (2001) including
The X-site is dominantly occupied by hydroxyl ions (5.65-6.80 OH pfu), minor F (0.02-0.26 apfu) and Cl up to 0.01 apfu. Total calculated occupancy of this site varies from 5.73 to 6.86 pfu.
Representative spot analyses of minerals of the beudantite-segnitite series from Krupka are given in Tab. 1. Also included is an average of ten spot analyses of compositionally relatively homogeneous Cu-rich beudantite used for a detailed powder X-ray, thermogravimetric and mean -mean of ten spot analyses of chemically relatively homogeneous beudantite, used for a detailed X-ray and spectrometry study; 1-10 -representative spot analyses of Cu-rich beudantite covering a wide range of Cu contents;
H 2 O* content calculated on the basis of ideal formula and charge balance; H* -H + bound in the group (AsO 3 OH) 2-calculated on the basis of charge balance;
Coefficients of empirical formula were calculated on the basis of (As + P + S + Si) = 2 apfu.
thermodynamics and thermal stability. Studies on aspects of the thermochemistry of the Pb-dominant members have been undertaken in the past few years for plumbojarosite (Ózacar et al. 2000; Frost et al. 2005a Frost et al. , 2005c , beaverite (Frost et al. 2008) or arsenian plumbojarosite (Mills et al. 2009c ).
Copper-rich beudantite from Krupka (Fig. 12) thermally decomposes in several steps. First, there are two partly overlapping decomposition processes: dehydroxylation approximately up to 510 °C, connected with a ~7.6 wt. % weight loss and AsO 3 OH dehydroxylation up to 540 °C (~0.9 wt. %). The total weight loss of 8.50 wt. % in the interval to 540 °C corresponds to the content of 8.42 wt. % H 2 O derived from the EPMA data and this is in agreement with Mills et al. (2009c) , who reported H 2 O loss up to 560 °C for arsenian plumbojarosite. The second step, in the range 540-950 °C, is represented by release of SO 2 (Mills et al. 2009c reported release of SO 2 starting at c. 560 °C) and probably also with oxygen release corresponding to decomposition of the arsenate group. According to Mills et al. (2009c) , the arsenic is bound in phases of the anglesite-, eulytite-and apatite-type during temperature increase. The Cu-rich beudantite decomposition is not completed up to 950 °C.
X-ray powder diffraction
The X-ray powder diffraction data for all studied samples of the beudantite-segnitite series from the Krupka ore district (Tab. 2) correspond to the published values for these minerals and to theoretical data calculated from the crystal structure information published for beudantite (Szymański 1988; Giusepetti and Tadini 1989) . A sample of relatively chemically homogeneous Cu-rich beudantite was used for refinement of unit-cell parameters; this sample was used for determination of thermogravimetric and vibrational (infrared spectroscopy) data.
The refined unit-cell parameters of the Cu-rich beudantite from the Krupka ore district (Tab. 3) are similar to the published data for As-rich members of the alunite supergroup (beudantite-segnitite -see Fig. 13 ). The measured and published data for minerals corresponding to the known range of Cu 2+ → Fe 3+ substitution indicate that the Cu 2+ contents in B position of the ideal formula do not significantly affect unit-cell parameters.
Infrared spectroscopy
An infrared spectrum was recorded for a sample of compositionally relatively homogeneous Cu-rich beudantite (Fig. 7) . It closely compares with the spectrum of beudantite from Cínovec/Zinnwald, Erzgebirge (Sejkora et al. 2001a Broad bands observed at 3362, 3208 and 2924 cm -1 are assigned to the ν OH stretching vibrations of hydroxyl ions. Wavenumbers of these ν OH stretching vibrations prove the presence of hydrogen bonds in the crystal structure of Cu-rich beudantite (Libowitzky 1999 with the ν (As-OH) symmetric stretching vibration and those at 687, 662 and 620 cm -1 to the split triply degenerate ν 4 (SO 4 ) 2-bending vibration.
Other minerals identified in the association
Mimetite
In the studied samples, mimetite typically forms porous or compact pseudomorphs after galena up to 0.5 cm across. Some samples contain evidence of early mimetite crystallization along cleavage planes of galena (Fig. 15) , followed by complete leaching of galena at a later stage. On rare instances mimetite occurs as well-formed white acicular crystals up to 0.4 mm long, grouped in random clusters (Fig. 16 ) or making up radiating aggregates 1 to 1.5 mm in diameter (Fig. 17) . Mimetite is the oldest supergene mineral in the studied association. Mimetite was identified by X-ray powder diffraction. Its refined unit-cell parameters, a = 10.2395(6), c = 7.4380(8) Å and V = 675.37(8) Å 3 , are in agreement with the data published by Baker (1966) , Dai and Hughes (1989) , Dai et al. (1991) , Hashimoto and Matsumoto (1998) as well as Števko et al. (2008) for minerals of the mimetite-pyromorphite solid solution series. The chemical analyses of mimetite from Krupka (Tab. 5) correspond to the presence of 0.04-0.29 apfu P in the tetrahedral site (PAs -1 substitution in the mimetitepyromorphite series), in addition to dominating As, and sulphur contents up to 0.14 apfu S, (heterovalent 
Scorodite
Scorodite is a rather rare mineral in the studied association. It was found only in some samples in the form of whitish to grey-white, rather loose earthy aggregates up to 0.1 mm in size, in association with pharmacosiderite and minerals of the beudantite-segnitite series. Due to rarity and small size of the scorodite aggregates, they could not be studied by X-ray diffraction. Chemical composition of this mineral from Krupka (Tab. 6) corresponds to scorodite; major elements are accompanied by very minor admixture of other elements. The empirical formula for scorodite calculated as average from three spot analyses on the basis (As + P + V + S) = 1 is: 
Pharmacosiderite
Pharmacosiderite occurs in a form of pale green coatings, 3 by 5 cm in size, along fractures of altered quartz gangue. The surface of the coatings is irregular passing to botryoidal shapes 1-2 mm in diameter, with rare hexahedral crystals 3-8 μm long, observed in small crevices (Fig. 18) . Pharmacosiderite aggregates often enclose small flakes of illite and scorodite and minerals of the beudantite-segnitite series.
Pharmacosiderite was identified by X-ray powder diffraction. Its refined unit-cell parameter, a = 7.9801 Σ T-site 3.000 3.000 3.000 3.000 3.000 3.000 3.000 Coefficients of empirical formula were calculated on the basis of (P + As + Si + S) = 3. Mean and 1-3 -spot analyses of scorodite from Krupka. Coefficients of empirical formula were calculated on the basis of (P + As + S + V) = 1; *H 2 O content was calculated from the ideal content in the formula H 2 O = 2. pharmacosiderite, Krupka (this paper) pharmacosiderite, Krásno (Sejkora et al. 2006) pharmacosiderite, Zlatá Ba a and Lubietová ò (Sejkora et al. 2006) pharmacosiderite-group minerals (Schmetzer et al. 1981; Peacor and Dunn 1985 ) Mutter et al. 1984 ; Å (V = 508.2(1) Å 3 ), is in agreement with the data published by Buerger et al. (1967) . The chemical formula for pharmacosiderite has previously been given as KFe 4 (AsO 4 ) 3 (OH) 4 .6-7H 2 O. Studies by Mutter et al. (1984) with Peacor and Dunn (1985) indicated K (+ Na and Ba) contents in K-site near to 2 apfu. Pharmacosiderite from Krupka exhibits total occupancy of the K-site in the range 1.95-2.41 apfu (Fig. 19) . The variation in K-site occupancy depends on the pharmacosiderite crystal structure, which consists of an open zeolitic framework [Fe 4 (OH) 4 (AsO 4 ) 3 ] -with alkalis, alkaline earths and water molecules in the channels (Buerger et al. 1967) . The water content varies considerably and the cations in the channels are considered to be exchangeable (Mutter et al. 1984) . Potassium is the dominant element in the K-site of pharmacosiderite samples from Krupka (Fig. 20) ; the contents of Na and Ba reach maxima of 0.52 and 0.01 apfu, respectively. In contrast to the majority of published pharmacosiderite analyses (Fig. 19) , the studied samples contain increased Al in the range 0.38-0.53 apfu (solid solution with alumopharmacosiderite). Comparably similar elevated Al contents, which enter the structure following a simple substitution AlFe -1 , were previously reported by Sejkora et al. (2006a) . Another characteristic feature of all studied samples from Krupka is a significant content of , as yet known only in synthetic members (Ti-Si, Ge-Si) of this group (Behrens et al. 1998; Yakovenchuk et al. 2008) . Empirical formulae for representative spot analyses of pharmacosiderite from Krupka are given in Tab. 7.
Carminite
Carminite forms in some samples relatively abundant opaque irregular aggregates of light red-brown to bright red colour (Fig. 21) . Carminite aggregates up to 1 mm across are deposited on older minerals of the beudantitesegnitite series. The accumulations are earthy to compact, with a smooth surface, rarely decorated by intergrowth aggregates of elongated tabular crystals up to 2-8 μm long (Fig. 22) . pharmacosiderite, Krupka (this paper) pharmacosiderite, Krásno (Sejkora et al. 2006) pharmacosiderite, Zlatá Ba a and Lubietová ò (Sejkora et al. 2006) pharmacosiderite-group minerals (Schmetzer et al. 1981; Peacor and Dunn 1985) Mutter et al. 1984;  Ba-pharmacosiderite Na-pharmacosiderite pharmacosiderite Fig. 20 Ternary plot of K -Na -Ba of K-site occupancy (atomic ratio) for pharmacosiderite from Krupka. 1-6 -representative spot analyses of pharmacosiderite from Krupka. Coefficients of empirical formula were calculated on the basis of (P + As + Si) = 3; *H 2 O content was calculated from the ideal content in the formula H 2 O = 6.5 and charge balance. Carminite was identified by X-ray powder diffraction. Its refined unit-cell parameters, a = 16.586(6), b = 7.583(4), c = 12.257(4) Å and V =1541.6(8) Å 3 , are in agreement with the data published by Finney (1963) , Kharisun et al. (1996) and Olmi and Sabelli (1995) . The chemical composition of the studied mineral (Tab. 8) corresponds to carminite with somewhat elevated phosphorus contents in the tetrahedral sites corresponding to 0.11-0.16 apfu P (PAs -1 substitution). Empirical formula for carminite (average of three spot analyses) calculated on the basis (As + P + Si + S) = 2 is: (Pb Mean and 1-3 spot analyses of carminite from Krupka. Coefficients of empirical formula were calculated on the basis of (P + As + Si + S) = 2; *H 2 O content was calculated from charge balance. 
Conclusions
Supergene mineral association with abundant Cu-rich members of beudantite-segnitite series (alunite supergroup) occurs in the Krupka deposit, the Krušné hory Mountains, Czech Republic. The association includes mimetite, scorodite, pharmacosiderite, cesàrolite and carminite. Refined unit-cell parameters and quantitative chemical analyses for these minerals are reported. The following sequence of crystallization of supergene minerals was determined: mimetite → beudantite-segnitite → pharmacosiderite, scorodite, cesàrolite and carminite.
Copper-rich members of the beudantite-segnitite series from the Krupka ore deposit are notable for their as yet highest measured copper contents (up to 0.90 apfu Cu). Comparably high Cu contents were previously reported only for As-poor and S-rich members of alunite supergroup (plumbojarosite-beaverite series). . The X-ray powder patterns and refined unit-cell parameters are in good agreement with data published for minerals of the beudantite-segnitite series. The elevated Cu contents have no distinct influence on unit-cell parameters.
